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sites in pSup-PylT, and the resultant plasmid pSUP-PylT-PylS was sequenced-confirmed. The point mutation Y384F that is known to enhance activity with Lys(Boc) 2 was introduced into PylS gene by site-directed mutagenesis PCR using pSup-PylT-PylS as the template and primers PylRSY384F Fwd and PylRSY384FRev.
Expression and purification of UbK48Lys(Boc)
Plasmids pSup-PylT-PylS and pTXB1-SynUb(K48TAG) were double transformed into E. coli BL21(DE3) chemically competent cells. Expression was induced in condensed culture as described. 3 Briefly, a freshly transformed colony was grown in 2 liter 2×YT media supplemented with 100 mg/mL ampicillin and 35 mg/mL chloramphenicol at 37 ºC to OD 600 of 0.8. The E. coli cells were pelleted, resuspended in 100 mL 2×YT media containing 100 mg/mL ampicillin, 35 mg/mL chloramphenicol, 1 mM IPTG and 2 mM Lys(Boc) and grown at 30 ºC for 16 hours. E. coli cells from the expression culture were harvested by centrifuge, washed three times with lysis buffer (20 mM HEPES, 500 mM NaCl, 1 mM PMSF, pH 8.5) and resuspended in 60 mL of lysis buffer. The resuspended cells were frozen and thawed three times, sonicated and then centrifuged to remove cell debris. Supernatant was applied to a column containing 20 mL of chitin-binding beads (NEB) which was pre-equilibrated with 100 mL lysis buffer. The beads with bound chitin-Ub fusion were washed with 400 mL wash buffer (20 mM HEPES, 500 mM NaCl, pH 8.5). On-column cleavage was induced by flushing the column with 60 mL wash buffer containing 50 mM DTT and column was kept at 37 ºC for 24 hours. Cleaved UbK48Lys(Boc) was eluted from the column using 60 mL of wash buffer. Proteins were further purified using size-exclusion chromatography to a final yield of 10 mg/L. and pSup-PylT-PylS (Y384F) were double transformed into BL21 (DE3) cells. A freshly transformed single colony was inoculated into 4 mL 2×YT media supplemented with 100 mg/mL ampicillin and 35 mg/mL chloramphenicol to grow a stock culture. This stock culture was inoculated into a 2 liter culture of auto-inducing minimal media containing 10 mM Na 2 SO 4 , 50 mM KH 2 PO 4 , 50 mM Na 2 HPO 4 , 1 mM MgSO 4 , 18 mM 15 NH 4 Cl (Cambridge Isotopes), 0.04% ferric citrate, 0.5% glycerol, 0.05% glucose, 0.2% lactose and 2 mM Lys(Boc). This 2 liter culture was grown at 30 ºC for 24 hours. Purification was performed as above.
Enzymatic assembly of K48-linked di-Ub
Di-Ub was assembled enzymatically with equimolar amounts of UbK48Lys(Boc) and 15 Nlabelled Ub 1-74 using methods previously described. [4] [5] [6] Small-scale reactions (as presented in Figure 1 ) used 150 nM E1 and 1-2 μM E2-25K. Large-scale reactions used 10 mg of each Ub monomer, 150 nM E1 and 10-20 μM E2-25K and incubated overnight at 37 ºC. A post-reaction SDS-PAGE gel showed little or no reactant. Product was purified using both cation and size exclusion chromatography to > 60% yield, which is comparable to the yield achieved in our lab using the method of Pickart. 
De-protection of UbK48Lys(Boc)
The Boc protecting group of UbK48Lys(Boc) was removed by adding trifluoroacetic acid (TFA) to a final concentration of 2% and incubating at 37 ºC for 4 hours. The protein sample was then re-equilibrated to buffer containing 20 mM sodium phosphate, pH 6.8 using a Millipore 3K NMWL concentrator. No appreciable amount of protein was lost from TFA treatment of UbK48Lys(Boc) monomer or UbK48Lys(Boc) in di-Ub. N-Ub 1-74 was 17200 Da (expected: 17200). After TFA treatment, a loss of 99 Da, which corresponds to the molecular weight of a single Boc protecting group, was seen in both monomer and di-Ub samples. No evidence of a Boc-containing peak was detected in either the monomer or di-Ub samples after TFA treatment. This is confirmed by NMR spectroscopy of monomeric 15 N-Ub 1-74 K48Lys(Boc) before and after TFA treatment (see main text).
NMR experiments
NMR samples of Ub 1-74 and di-Ub (150 μM -1 mM) were prepared in the appropriate buffers containing 8% 2 H 2 O and 0.02% (w/v) NaN 3 . For pH 4.5 and 6.8, the buffer composition was 50 mM ammonium acetate and 20 mM sodium phosphate, respectively. All NMR studies were performed on a Bruker DRX-600 spectrometer equipped with a TXI cryoprobe at 23ºC. { 15 N dimensions, respectively. A total of 160 t 1 increments were collected with 2048 complex points in each. Assignments for Ub 1-74 and di-Ub were determined by comparison with previously published spectra of human Ub and K48-linked Ub2. 6 Spectra were processed using NMRPipe 9 and Sparky. 10 Chemical shift perturbations were determined using identical buffer and temperature conditions for both monomeric Ub and the proximal ubiquitin in K48-linked di-Ub.
Oligonucleotides
Restriction sites are listed in italics, mutations underlined. Prior to TFA treatment, the observed molecular weight is 17200 Da (expected: 17200 Da). After TFA treatment of di-Ub, the Boc-containing peak is eliminated and a loss of 99 Da is detected. This loss is in accord with the molecular weight of one Boc-protecting group.
